INTRODUCTION E
namel formation by ameloblasts is a complex process that involves the coordinated formation of apatite crystals within an organic matrix composed primarily of amelogenins (Smith, 1998) . The function of ameloblasts changes temporally during secretory, transition, and maturation stages (Robinson et al., 1978) . Each of these stages is characterized not only by changes in ameloblast morphology, but also by unique biochemical and functional processes that ensure the normal development of the extracellular matrix and mineralization of enamel.
The process of enamel formation requires the tight control of extracellular pH and bicarbonate concentration (Sasaki et al., 1991; Smith, 1998) . Apatite crystal growth, proteinase activity in the extracellular space, and the triggering of ameloblast morphologic changes are thought to be pHdependent phenomena requiring that cellular transport processes controlling the extracellular fluid pH be coordinated in a highly controlled fashion (Smith, 1998; Takagi et al., 1998) .
During apatite crystal growth in vitro, it has been estimated that, in the generation of 1 mole of apatite, approximately 14 moles of protons are released (Smith et al., 2005) . Moreover, given that enamel is the only mammalian tissue wherein post-volumetric crystal expansion occurs after the appositional growth phase is completed, the potential for excess proton release is much greater than for dentin and bone, for example. Previous studies have suggested that the ameloblasts form a barrier that is relatively impermeable to protons during the secretory stage of crystal seeding and during the maturation stage, when there is a growth in the volume of apatite crystals associated with a morphologic appearance of a ruffled apical ameloblast membrane (Smith, 1998; Hubbard, 2000) . Moreover, it has been hypothesized that ameloblasts secrete bicarbonate across their apical membrane to buffer the proton load generated by apatite formation. The proton production rate and the bicarbonate secretory rate likely change temporally, given the pH differences that exist, depending on the ameloblast stage. Specifically, the net pH during the secretory stage is near neutral and becomes acidic during the transition stage, and modulates between neutral and acidic during the maturation stage (Sasaki et al., 1991; Takagi et al., 1998) .
SLC4 bicarbonate transporters play an important role in pH regulation and bicarbonate transport in various cell types (Pushkin and Kurtz, 2006) . Transgenic mouse models and patient disease states have significantly improved our understanding of the role these transporter proteins play in mammalian biology. With regard to the process of enamel formation, mice lacking SLC4A2 encoding the anion-exchanger AE2 are edentulous (Gawenis et al., 2004) . In addition, persons with SLC4A4 mutations encoding the electrogenic sodium bicarbonate cotransporter NBCe1 have enamel abnormalities (Dinour et al., 2004; Inatomi et al., 2004) . Similar findings have recently been documented in mice lacking SLC4A4 (Gawenis
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KEY WORDS: amelogenesis, anion exchanger, enamel, sodium bicarbonate co-transporter. et al., 2007) . These findings suggest that AE2 and NBCe1 play an important role in ameloblast bicarbonate transport and in regulating the pH in the microenvironment adjacent to enamel formation. In this study, we examined the expression of AE2 and NBCe1 in mouse ameloblasts in vivo, to understand the roles of these two proteins in enamel biomineralization.
MATERIALS & METHODS

Animals
All vertebrate animal manipulation complied with Institutional and Federal guidelines. The genetic background for the animals used to prepare formalin-fixed sections was a cross among strains CBA/J, DBA/2J, and C57BL/6J. These were "wild-type" animals with no genetic manipulation, but that had been used as control animals in previous studies (Paine et al., 2005; White et al., 2007) . The genetic background of the animals for the frozen, unfixed sections was CD1 (ICR) (Harlan Labs, Indianapolis, IN, USA), and the sections were prepared and purchased from (Zyagen, San Diego, CA, USA).
Tissue Preparation and Immunolocalization
Formalin-fixed mandibular tissue sections cut in the sagittal plane from three-day post-natal mice were prepared for immunohistochemistry as described previously (Snead et al., 1996) . Frozen, unfixed mandibular tissue sections were prepared in a crosssectional plane. Anti-NBCe1 (1:50 dilution) and anti-AE2 (1:100 dilution) polyclonal antibodies have been described previously (Tatishchev et al., 2003; Frische et al., 2004) and were used to demonstrate the spatial expression profiles of each protein in ameloblast cells from incisor and molar teeth. Tissue sections were not counterstained prior to being photographed. Immunohistochemistry methodology for the fixed tissue sections has been described elsewhere (Paine et al., 2000) . Unfixed tissue sections were immunostained in an manner identical to that used for the fixed sections. Peptide-blocked antisera and pre-immune sera were used as controls.
Ameloblast-like LS8 Cells
LS8 cells were originally derived from the first molar enamel organ epithelial cells isolated from embryonic day 16 (E16) mice and have previously been used for the study of amelogenin Xu et al., 2006a,b) and ameloblastin (Dhamija et al., 1999; Dhamija and Krebsbach, 2001 ) gene expression in vitro. These cells were used to determine the NBCe1 and AE2 variants, which were expressed by RT-PCR. Messenger RNA (mRNA) was isolated from ameloblast-like LS8 cells by means of an RNeasy Mini Kit (Qiagen, Valencia, CA, USA). cDNA was generated with AMV Reverse Transcriptase (Roche, Indianapolis, IN, USA). Murine-specific NBCe1 and AE2 primers (Table) were used to amplify the known variants of each protein. In addition, primers were used to determine whether NBCe2-C encoded by SLC4A5 was expressed, to determine whether the cells possessed a second pathway for electrogenic sodium bicarbonate co-transport in addition to NBCe1 (Table) . Primer sets for murine GAPDH (forward 5Ј-GGAGCCAAAAGGGTCATCATCTC-3Ј and reverse 5Ј-GAGGGGCCATCCACAGTCTTCT-3Ј; product 521 bp) and murine beta actin (forward 5Ј-CTGGCACCACACCTTCTACAA TG-3Ј and reverse 5Ј-GATGTCACGCACG ATTTCCCTC-3Ј; product 382 bp) were also included as controls for RT-PCR.
RESULTS
Expression of NBCe1 was Localized to the Basolateral Membrane of Secretory Ameloblasts
The expression profile of NBCe1 in ameloblast cells was examined in mandibular sections prepared in a sagittal plane to include both molar and incisor teeth. The distribution of NBCe1 was clearly demonstrated (Fig. 1) . Within the dental tissues, NBCe1 was highly expressed in secretory ameloblast cells in both the incisor (Figs. 1A, 1B ) and molar teeth (Figs.  1C, 1D ). As shown in a higher-power view (Figs. 1B, 1D ), NBCe1 was expressed in a polarized fashion and was localized to the basolateral membrane in ameloblasts. Peptide-blocked antisera and pre-immune sera were used as controls and were negative (not shown).
Expression of AE2 was Localized to the Apical Membrane of Secretory Ameloblasts
The expression profile of AE2 in ameloblast cells was initially examined in frozen, non-fixed sections because of the sensitivity of the AE2 antibody used in this study for fixation. The tissue was cut in a coronal (cross-sectional plane). Polarized, pre-secretory ameloblasts showed little immunoreactivity (data not shown). Secretory ameloblasts in incisor and molar teeth stained positively for AE2 (Fig. 2) . In contrast to NBCe1 expression, the expression of AE2 was localized specifically to the apical membrane of secretory ameloblast cells (Figs. 2B, 2D ). Unlike NBCe1, there was no expression of AE2 at the ameloblast basal membrane. Peptide-blocked antisera and pre-immune sera were used as controls and were negative (not shown).
RT-PCR Analysis Identified the Expression of NBCe1 and AE2 in Ameloblast-like LS8 Cells
Unique variants of NBCe1 and AE2 are expressed in cultured ameloblast (LS8) cells (Fig. 3A) . To the extent that this cultured cell model is representative of secretory ameloblasts in 
Proposed Cell Model of Bicarbonate Transport in Secretory Ameloblasts
The polarized distribution of AE2 and NBCe1 suggests that these transporters play an important role in the transcellular vectorial transport of bicarbonate from the basolateral to the apical side of secretory ameloblasts. A cell model of bicarbonate transport in secretory ameloblasts, based on the expression profile of AE2, NBCe1 (this study), and CFTR (Arquitt et al., 2002; Sui et al., 2003) , is presented (Fig. 3B) . Basolateral bicarbonate uptake was mediated by NBCe1-B. In the absence of functional NBCe1-B, basolateral bicarbonate uptake and subsequent secretion was impaired, as suggested by the abnormal enamel phenotype in persons with NBCe1-B mutations and a mouse model phenocopying the loss of NBCe1 function (Dinour et al., 2004; Inatomi et al., 2004; Gawenis et al., 2007) . Following basolateral bicarbonate uptake, apical bicarbonate secretion was mediated by AE2a coupled to CFTR-mediated chloride transport (Arquitt et al., 2002; Sui et al., 2003) . Evidence for the essential role of AE2a-mediated bicarbonate transport in ameloblasts was indicated by the abnormal enamel phenotype detected in mice with loss of AE2 function (Gawenis et al., 2004) .
Expression Levels of AE2a and NBCe1-B at Different pHs in LS8 Cells
To determine if the expression levels of AE2a and NBCe1-B were pH-dependent, we maintained near-confluent cultures of LS8 cells in medium at a constant pH (ranging from pH 8.5 to 6.0) for 24 hrs. The medium pH was confirmed at the completion of the experiment. RT-PCR was performed with AE2a, NBCe1-B, and beta-actin-specific primers, with equimolar concentrations of mRNA isolated from each of the pH conditions (Fig. 3C) . The expression level of AE2a was maximal at pH 6.8 (Fig. 3C, lane 5) , while the expression level of NBCe1-B was barely detectable at pH 8.5 (Fig. 3C, lane 8) and increased gradually to a maximal level in acidic conditions of pH 6.0 (Fig. 3C, lane 13) . The expression level of beta actin remained constant for this pH range (Fig. 3C, lanes 14-19) . This experiment was repeated 3 times with identical results.
DISCUSSION
The results of the present study demonstrate that ameloblasts possess specific cellular transport processes for the efficient secretion of bicarbonate during enamel formation, and provide the basis for a model of transcellular bicarbonate transport during enamel formation. Specifically, basolateral bicarbonate influx was mediated by NBCe1, and bicarbonate secretion across the apical membrane was mediated by AE2. If it is assumed that the ameloblast-like LS8 cell line's gene expression profile is representative of ameloblasts in vivo, the variants of AE2 and NBCe1 expressed on the apical and basolateral membranes of secretory ameloblasts are AE2a and NBCe1-B, respectively. In the LS8 cell model system, the levels of AE2a and NBCe1-B mRNAs were pH-dependent, with both transcripts showing the highest level of expression below pH 7.0.
The effect of the pH microenvironment on the erosion of enamel in adult teeth is well-known (Brown et al., 2007) . The pH in the ameloblast microenvironment also plays a critical role in enamel maturation during tooth development. Mice with a targeted disruption of AE2 (Gawenis et al., 2004) have been reported to be edentulous. Whether these mice exhibit failure of tooth eruption vs. lack of tooth formation is unknown. Recently, it has been shown that mice lacking AE2a/b have an abnormality in incisor enamel maturation, whereas molars are less severely affected (Lyaruu et al., 2008) . Our studies complement these findings and further suggest that it is the lack of the AE2a variant that plays a key role in preventing normal enamel maturation.
In addition to AE2, mice lacking the CFTR Cl -channel also have hypomineralized incisor enamel and retention of enamel matrix protein (Wright et al., 1996a,b) . These findings are in keeping with those from experiments that have localized CFTR mRNA expression to the apical tooth bud (Arquitt et al., 2002) , and with the finding that the enamel matrix pH is generally lower and is modulated differently in CFTR-deficient mice (Sui et al., 2003) . While CFTR is expressed in developing molars, the molar enamel formation in CFTR-deficient mice is normal. Similarly, incisor-molar differences have been detected in AE2a/b-deficient mice and may result from differences between these types of teeth in extracellular pH regulation and/or ameloblast function.
The loss of AE2 function results in a more severe tooth phenotype than either the loss of NBCe1 (Dinour et al., 2004; Inatomi et al., 2004; Gawenis et al., 2007) or CFTR-mediated transport (Wright et al., 1996a,b) . Specifically, the incisors of mice lacking NBCe1 have a chalky white appearance and are prone to enamel fracture (Gawenis et al., 2007) . In persons with loss of NBCe1 function, enamel defects have been described that appear as raised white and chalk-like spots (Inatomi et al., 2004) . The NBCe1 mutations in these individuals involved all 3 NBCe1 variants (NBCe1A-C). Based on the results of the present study, it appears that the NBCe1-B variant mediates basolateral bicarbonate transport in ameloblasts. Importantly, the tooth phenotype in persons and mice with loss of NBCe1-B function is not characteristic of those with comparable metabolic acidosis. We hypothesize that the enamel defects are due to abnormal ameloblast function (loss of NBCe1-B transport per se), rather than to systemic acidosis.
The specific membrane expression of AE2a and NBCe1-B in ameloblasts indicates that these cells should be viewed as a polarized layer of cells analogous to other bicarbonatetransporting (secretory) epithelia. We currently do not possess a complete detailed model of ion transport in ameloblasts, and it is therefore possible that, in addition to AE2a and NBCe1-B, other transport proteins, such as CFTR (Wright et al., 1996a,b; Arquitt et al., 2002; Sui et al., 2003) , are involved in maintaining and modulating bicarbonate secretion at the different phases of ameloblast development. The exact role of CFTR in overall transcellular bicarbonate transport in ameloblasts is currently unknown and could involve an alteration in apical Cl -/HCO 3 -exchange mediated by AE2a, NBCe1 is localized basolaterally, and AE2a is expressed apically. CFTR is assumed to be expressed on the apical membrane (Arquitt et al., 2002; Sui et al., 2003) . Green-black bar identifies an individual ameloblast cell, where black is the approximate position of the cell nucleus. Scale bar: (B) 25 microns. (C) Relative mRNA expression levels of AE2a (lanes 2-7), NBCe1-B (lanes 8-13), and beta actin (lanes 14-19) following 24-hour exposure to medium maintained at different pHs. pH 8.5 (lanes 2, 8, and 14); pH 8.0 (lanes 3, 9, and 15); pH 7.2 (lanes 4, 10, and 16); pH 6.8 (lanes 5, 11, and 17); pH 6.4 (lanes 6, 12, and 18); and pH 6.0 (lanes 7, 13, and 19). PCR conditions 94°C (1 min), 55°C (1 min), and 72°C (1 min) for 28 cycles, with a final extension time of 5 min at 72°C. independent of its Cl -channel activity, CFTR-mediated apical bicarbonate secretion per se, and the indirect effect of CFTR on NBCe1-B function via changes in basolateral membrane potential (Sui et al., 2003) . In addition, recent studies of pancreatic duct bicarbonate transport have documented the role of SLC26 transporters (SLC26A6) in regulating CFTR activity and its relevance to cystic fibrosis (Wang et al., 2006) . It would therefore be of interest in future studies to address the potential role of SLC26 transporters in ameloblast bicarbonate secretion.
It is currently thought that proton release during hydroxyapatite formation is buffered by the subsequent secretion of bicarbonate by ameloblasts (Smith, 1998) . The finding that ameloblasts possess transport machinery for secreting bicarbonate raises the possibility that bicarbonate secretion by ameloblasts occurs independent of proton release during hydroxyapatite formation, and increases the peri-apical pH to a value that favors hydroxyapatite formation. Factors that potentially signal ameloblasts to secrete bicarbonate are predicted to play a central role in the biology of enamel formation.
